The response behavior and performance characteristics of the recently introduced barrier discharge ionization detector (BID) for gas chromatography (GC-BID) were investigated by analyzing different classes of organic compounds such as alcohols, alkanes, cycloaliphatic compounds, polycyclic aromatic hydrocarbons (PAHs), and others. The results obtained by GC-BID were compared with those of gas chromatography with flame ionization detection (GC-FID), aiming to demonstrate the particular merits of the new BID detector over the wellestablished FID. The response of the BID not only was found to be strongly dependent on the detector settings, but also shows a high dependence on the analyte class and the individual analyte. The sensitivity of the BID detector compared to the FID was higher by a factor of ca. 4 on average when considering all compounds analyzed. The relative standard deviation (RSD) was better than 5% for the majority of the cases. The BID detector showed better precision (lower RSD) in comparison with the FID for the investigated compounds. Linear calibrations were obtained for the analytes over more than four orders of magnitude with coefficients of determination typically higher than 0.999 and the limits of detection varied from 0.04 to 1.48 ng/s for the GC-BID.
Introduction
More than 75 years after its invention (Martin and Synge 1941) , gas chromatography still maintains its role as the most important and most powerful analytical separation technique for volatile and semivolatile compounds. Its high separation efficiency, flexibility, and sensitivity are among the most commonly named assets of this technique. Much of the success of modern gas chromatography is due to the availability of a large number of sensitive detectors which, depending on the particular use, may be highly selective (such as the spectrometric detectors), or on the contrary universally applicable (such as the flame ionization detector, FID, or the thermal conductivity detector, TCD) (Rosenberg 2006 ).
In the explanation of the working principles of the GC-barrier discharge ionization detector, the dominant role of the vacuum ultraviolet radiation in the ionization of the sample has to be emphasized. More specifically, it is suggested that the vacuum ultraviolet radiation (De ¼ 17.7 eV), created by the dielectric barrier discharge and by the excited helium molecules according to the reaction (Figure 2) : He 2 A 1 Ru þ ð Þ ! 2 He 1 1 S 0 À Á can photoionize the sample (Shinada et al. 2012) . Assuming that the ionization of the BID is a photoionization process rather than the combined atomization and ionization that is prevalent in the FID, it is expected that the BID response is concentrationdependent rather than mass flow dependent as with the FID detector.
While it is claimed that the GC-BID system can be applied to a wide range of analytes, there are only few studies to verify its performance. In most cases, the BID has been used to determine a limited number of analytes within a given sample, mostly of low molecular weight and partially oxidized which is the range of analytes for which the BID is said to surpass the FID in its sensitivity and applicability (e.g., measurement of ethanol and water: Weatherly, Woods, and Armstrong 2014; measurement of CO 2 after photocatalytic conversion: Iguchi et al. 2015 ; a 10 compound set of alkanes, benzenes, alcohols, and FAME after comprehensive two-dimensional GC: Franchina et al. 2015 ; gaseous formic and acetic acid after needle trap extraction: Ueta et al. 2017 Ueta et al. , 2018 , and greenhouse gases CO 2 and N 2 O: Pascale et al. 2017 ; as well as permanent gases, O 2 and N 2 : Jo and Kim 2017) .
The scope of this study is to systematically evaluate the performance of the commercial GC-BID system by determining a set of standards from various compound classes, such as alcohols, anilines, halogenated hydrocarbons, esters, alkanes, aldehydes, polycyclic aromatic hydrocarbons (PAHs), cyclic compounds, and comparing the results with the well-established flame ionization detector for GC. The analytical figures of merit of the BID are determined and provide a more consistent basis for the assessment of the merits of the dielectric barrier discharge as a GC detector.
Materials and methods

Reagents
All reagents used had a purity of at least 95%. Benzene, butylbenzene, cyclododecane, decane, ethyl acetate, ethylbenzene, isovaleraldehyde, pentachlorophenol, pentylbenzene, 2-propanol, fluoranthene, propylbenzene, n-octane, 1-decanol, 1-heptanol, n-heptane, cyclododecanone, chrysene, n-tetradecane, naphthalene, fluorene, phenanthrene, and pyrene were purchased from Fluka (Seelze, Germany). 1,4-Butanediol, 2-butoxyethyl acetate, 4-chlorophenol, 2,4-dichlorophenol, N,N-diethylamine, N,N-dimethylamine, isopropyl ether, phenol, chlorodecane, chlorododecane, cycloheptane, and cyclodecanone were obtained from Aldrich (Steinheim, Germany). Butylacetate, cyclohexane, cyclodecane, cyclopentane, dodecane, isopropyl acetate, hexane, toluene, 1-pentanol, and cyclopentane were purchased from Sigma-Aldrich (Vienna, Austria). Diethyl ether was purchased from Riedel-de Ha€ en. Benzaldehyde, 1-bromodecane, 1-bromohexane, 1-bromo-3-chloropropane, methanol, 2-methoxy-1-propyl acetate, 1-nonanol, and chloroheptane were obtained from Merck (Vienna, Austria). 1-hexanol, cyclopentanone, and cyclohexanone were obtained from Loba (Fischamend, Austria). Chlorooctane and acenaphthene were from H€ uls (Marl, Germany) and Acros Organics (Geel, Belgium), respectively.
All of the reagents were used for the standard solutions. Helium, used as the carrier and discharge gas, had a purity of 99.999% and was purchased by Messer (Austria).
Instrumentation
Measurements were performed using a GC-2010 Plus with a BID detector (Tracera) from Shimadzu and a GC-2010 Plus system with flame ionization detector and an AOC-20i autosampler (both Shimadzu, Kyoto, Japan). An RTX-5MS (5% diphenyl/95% dimethyl polysiloxane) GC column of 30 m Â 0.25 mm Â 0.25 lm from Restek (Bellefonte, PA) and a DB-5MS (5%-diphenyl/95% methylpolysiloxane) 30 m Â 0.25 mm Â 0.25 lm from Agilent J & W (Middleburg, Netherlands) were employed in this study.
Standard solutions
Standards were prepared in different solvents in order to ensure adequate solubility. Nine groups of standards were prepared at five concentration levels (100 pg/lL, 1 ng/lL, 10 ng/lL, 100 ng/lL, 1 lg/lL). The standards were grouped according to the chemical nature of compounds, namely the anilines, alcohols, aldehydes, halogenated hydrocarbons, phenols, alkanes, cycloalkanes, aromatic compounds, and esters. Alkanes, cyclic and aromatic compounds were dissolved in cyclopentane; the esters in diethyl ether, and the remaining standards in methanol.
Additional standards were analyzed to further test the instrument response. These were the cyclic ketones and cycloalkanes in cyclopentane, chlorinated benzenes, chlorinated alkanes and alcohols in methanol, benzenes, alkanes, and PAHs in dichloromethane. These solutions were prepared at two concentration levels (1 and 100 ng/lL) and an alkane standard (C10-C17) in heptane was prepared at 1 ng/lL.
Analytical procedure
Injections of 1 lL of each standard were made into the GC-BID and GC-FID system in split mode with split ratio of 20:1. In the optimized method, the BID was operated at a temperature of 300 C; the FID at a temperature of 250 C; the injector temperature was 250 C in both cases; a column flow of 1.08 mL/min, resulting in a carrier gas linear velocity of 25.5 cm/s; purge flow of 3 mL/min; total flow of 25.8 mL/min; inlet pressure of 97.4 kPa; equilibration time of 1 min; and a discharge gas flow of 50 mL/min. The temperature program for the oven was 3 min at 50 C and increased at 20 C/min up to 250 C with a hold time of 4 min. The total analysis time was 17 min.
The second set of standards was analyzed with a similar method but with an initial hold time of only 1 min instead of 3 min which provided an analysis time of 15 min, and with the DB-5MS column. For the PAHs and the alkane standard (C10-C17), the linear ramp of the oven program was extended to 280 C and the FID temperature was 300 C.
Results and discussion
Optimization of GC-BID operating conditions
Effect of the septum purge flow rate
The septum purge flow rate is a parameter whose importance is largely underestimated in gas chromatographic analysis. Its optimization is important as a correctly set septum purge flow prevents the contamination of the carrier gas inlet line and removes septum bleed volatiles from the system. On the other hand, an excessive septum purge flow may lead to unintentional dilution of the sample, and hence reduced sensitivity. For this reason, different purge flow rates were examined during analysis. The flow rates ranged from 0.5 to 10 mL/min. Figure 3 shows the response of a standard with four aromatic compounds. The optimum purge flow rate was 3 mL/min because the lower and higher rates were unable to provide greater peak signals-on the low side apparently due to less efficient sample transfer and on the high side due to increased dilution. The current result is in good agreement with the purge flow rate recommended by the manufacturer.
Effect of the discharge gas flow rate
In order to understand the impact of the system flow rates on the instrument response, we examined the effect of the flow rate of the discharge gas. The instrument can function within a specific flow rate range from relatively low values at which plasma stability may be affected up to ca. 100 mL/min. According to the information provided by the manufacturer, the column flow and discharge gas flow must be adjusted in mutual correspondence: Depending on the particular discharge gas flow rate used, the column flow should be adjusted accordingly. The reason for that apparently lies in the increased pressure at the GC column end when a higher flow rate and thus higher pressure is applied to the detector.
In this work, four flow rates (25, 50, 75, and 100 mL/min) were used for the determination of several compounds at different concentrations and with similar column flow. The evaluation of a set of selected standards at different detector flow rates in Figure 4 shows a noteworthy influence of the detector flow rate on signal intensity. Higher gas flow rate decreases the signal for the studied compounds. Although the discharge gas flow rate of 25 mL/min gave the best response, it was not preferred because it is at the lower end of the acceptable operating range of the instrument, and according to the manufacturer could affect both the reproducibility of measurement as well as have an adverse effect on the instrument long-term stability. Hence, a flow rate of 50 ml/min was chosen for all further measurements, representing a compromise between the anticipated signal stability and observed signal loss. This flow rate is in agreement with the manufacturer's recommended flow rate.
The results from the purge and discharge gas flow rate investigation indicate the high dependence of the instrument response and sensitivity on the flow rate conditions and attest to the importance of optimizing these flow rates. 
Comparison with the FID detector
The measurements reported subsequently are performed under optimum conditions for GC-BID and GC-FID regarding the temperatures and detector flow rates. The same split ratio and temperature program was used for the measurements on both instruments as described in the experimental section. All standards were measured in three replicates on the same day for both detectors.
The chromatograms obtained for both detectors and the investigated sets of standards were perfectly comparable ( Figure 5 ). Notably, no excessive detector-related peak broadening or peak tailing was observed with small exceptions in the case of amine compounds, easily explainable with their high tendency to interact with imperfectly inert surfaces. The retention times for the compounds were consistent between the techniques.
As a means of assessing the performance of the detector under the given chromatographic conditions, the resolution was calculated for the following compounds and their respective neighbor peaks: 1-butanol and isoamyl alcohol; 1-bromo-3-chloropropane and 1-bromohexane; 2,4-dichlorophenol and 4-chlorophenol; butylbenzene and pentylbenzene; butylacetate and 2-methoxy-1-propyl acetate. The resolution factors were in the range from 1.4 to 10.6 for the BID and 2.1-14.1 for the FID and are listed in Table 1 . It should be noted that even in the case of the most critical separation, the resolution of the 2,4-dichlorophenol and 4-chlorophenol peaks was still satisfactory. The detector does not Figure 4 . Diagram demonstrating the effect of the discharge gas flow rate for anilines at concentrations of 10 ng/lL, 100 ng/lL, and 1 lg/lL) and gas flow rates of 25, 50, 75, and 100 mL/min. The error bars represent ± one standard deviation. For the higher concentration, the left axis applies, and for the two lower concentrations, the right axis applies.
suffer from the introduction of a high concentration of matrix as long as it is sufficiently volatile to not cause further chromatographic problems (e.g., sample carry-over, increased background, peak tailing, or retention time shifts).
Analytical figures of merit were evaluated for all analytes from the corresponding calibration graphs using five concentration levels and are summarized in Table 2 . The calibration curves were constructed by plotting the peak area of the signal (y axis) as function of the concentration in the x axis. However, in some cases, the standards could not be detected at the lowest level of the calibration in which case the calibration and calculations were performed with the remaining levels. The coefficients of determination (R 2 ) ( Table 2) were typically more than 0.999 for both detectors. The R 2 reached Figure 5 . Comparison of chromatograms for four groups with the BID and the FID at 100 ng/lL: esters, upper left; alkanes, lower left; cyclic, upper right; and aromatic, lower right. Analytical conditions: injector temperature 250 C; column flow 1.08 mL/min, 20:1 split; discharge gas flow 50 mL/min; oven initially at 50 C (3 min) and increased at 20 C/min to 250 C (4 min). >0.9999 for anilines, halogenated compounds, phenols, alcohols, cyclic, and aromatic compounds with the BID and for four compounds also with the FID. The relative standard deviation (RSD) was determined and the results were found acceptable for both detectors with the majority of the RSD values being lower than 5%, except for the measurements at the lowest concentrations injected (1 ng/lL, 100 pg/lL), where the relative precision increased to above 10% (Table 2) . Particularly, the halogenated compounds and aldehydes had large standard deviations for repeated measurements at low concentrations. A large part of the encountered variability is due to the low concentration levels chosen for these measurements, considering that already for statistical reasons, the RSD approaches the value of 33% when the concentration is close to the limit of quantification (LOQ), and may rise even to 50% at the lower limit of the quantitative working range. The RSD values for most analytes were lower for the BID. For the standards measured at two concentrations, the RSD was also investigated after ten days and it changed less than 20% for the 1 ng/lL concentration. Figure 6 compares the sensitivity of the BID to that of the FID for the standards at five concentration levels. In general, the sensitivity of the BID is higher than the FID sensitivity. The sensitivity was determined as the slope of the calibration curve, and the results vary depending on the analyte. The BID provides for all analytes and analyte classes a higher response than the FID, although the difference in sensitivity depends on the particular class of compounds. Thus, the sensitivity of the BID detector was found to be higher than the sensitivity of the FID by a factor of 3.1 for anilines, 4.1 for aldehydes, 3.7 for halogens, 3.8 for phenols, 6.4 for alcohols, 4.1 for alkanes, 4.1 for cyclic compounds, 2.4 for aromatics, and 5.9 for esters. Generalizing this finding over all classes of compounds, the sensitivity of the BID was higher on average by a factor of 4.2 compared to the FID.
In the next step, response factors (RFs, determined as peak area/mass) were calculated for the individual compounds and investigated more closely to detect any systematic trends. Figure 7 reports the RFs for four analytes from different chemical classes. Although not completely homogeneous, no concentration dependence of the RFs can be observed, and the variations observed are more likely an effect of the chromatographic conditions, rather than the detection. The obtained RFs for the BID were generally higher, reflecting the higher sensitivity of the BID versus the FID.
Using the results from the measurement of standards at a higher concentration level (100 ng/lL), the difference in RFs for both detectors is depicted in Figure 8 in form of the response factor ratio RF(BID)/RF(FID). In Figure 8(c) , the RFs of different classes of chemical compounds are reported. It is evident that the BID RFs, although generally higher than those of the FID, differ significantly. The compound class that has the highest response ratio, and thus the highest relative sensitivity in the comparison of BID and FID, is the one of the alcohols, followed by the halogenated compounds. Somewhat surprisingly, the PAHs had the lowest and most constant RF ratio between BID and FID. The above observations can be explained through the different ionization mechanisms in the BID and the FID. Since the main route of ionization in the BID is through photoionization, it can be expected that a constant number of charges (cations and electrons) are produced per mole of analyte molecules. In contrast to this, the FID generates its signal by completely atomizing a molecule and simultaneously ionizing the carbon fragments produced. The FID response is thus not concentration-dependent (mol/s), but mass-dependent (g/s).
Moreover, the FID response is also diminished compared to pure hydrocarbons for analytes that contain heteroelements. According to our chemical understanding, a carbon atom bound to one or more heteroatoms such as O, S, Cl, or Br is considered already as oxidized. It cannot be further oxidized, which reduces incrementally the response of the FID. This concept is already known for long under the term "effective carbon number" (ECN) concept (Scanlon and Willis 1985) and can be used to theoretically calculate the FID RF of an analyte as a function of the carbon number and the functional groups attached to the carbon backbone.
The BID/FID RF ratios show remarkable trends within the individual compound classes: For example, the RF ratio clearly increases for the chlorinated compounds investigated with the degree of substitution by chlorine while it decreases for some of the other compound classes with chain length.
In order to understand which phenomenon is responsible for such behavior, Figure 8 presents the original RFs of the BID (Figure 8 (a) and the FID (Figure 8(b) ). For the halogenated compounds-which in the current case are mono-to tetrasubstituted benzenes-this is explained by a strongly decreasing RF of the FID with increase in the chlorine substitution of the aromatic ring.
A contrary effect is seen for the aliphatic alcohols and the n-alkanes whose response decreases with increasing chain length. Since this can be caused both by a decrease of the response of the BID or by the increase of the RF of the FID, the RFs of the two instruments were evaluated and plotted separately. The results show that the main influence on this trend is the significant change in specific response for the BID. This change is due to the fact that the RFs were normalized to mass of analyte, not to amount of substance. Given that the BID leads to the formation of single-charged cations, the amount of ions generated is proportional to the amount of substance of this analyte, but inversely proportional to the molecular mass of this compound. The longer the aliphatic chain of the analyte, the lower its specific RF. This appears to be the main reason for the observed decrease in RF ratios for the n-alcohols and n-alkanes with increasing molecular mass or chain length.
A further experiment was performed in order to verify that the BID responds to the amount of substance arriving at the detector per time unit, rather than mass of analyte per time unit. To this end, an alkane standard with the same mass concentration and carbon numbers from ten to seventeen was analyzed by both detectors. Figure 9 exhibits a decrease of the response with increasing carbon number in the BID in contrast to the FID response where this decrease is not evident. The reason for this difference is that the BID, in contrast to the FID, does not lead to the complete atomization of the analytes because of its low thermal energy and excitation. Thus, only one cation is formed per molecule in the BID with one electron being produced in the same process while a C n compound can produce n carbocations and n electrons in the BID. The ionization yield is clearly lower than unity but can be expected to be similar for both excitation sources.
Limits of detection and quantification
The limit of detection (LOD) was determined by two different approaches. The first was based on the definition of the LOD as the concentration at which the signal-tonoise ratio (S/N) is equal to 3. Both signal and noise are expressed in peak height units. The second approach uses measurements of the standard deviation of the blank r (n ¼ 5) to calculate the LOD as 3r/S (where S is slope or sensitivity) from the regression equation (Figure 10 ; Table 2 ). Also, in this case, the regression line was calculated for the peak height.
Given that the calculation of the LOD was performed in two different ways, there are evident differences between the results. According to the LOD values obtained with the S/N ratio method, the BID always exhibited better detection limits than the FID, especially for the halogenated, oxygenated compounds, and for some alkanes where the BID LOD was one order of magnitude lower than for the FID. The LOD values determined from the blank covered two orders of magnitude, ranging from the medium pg/s to the low ng/s range.
The LOD in the 3r/S results is influenced by the background in the blank samples. The background in the BID blanks was high as a consequence of residual impurities in the He carrier and plasma gas and hence the LOD values were higher. For the FID, the background was low in comparison to the BID and the LODs were lower in comparison to the values obtained with the other method. Generally, the FID values were lower with exceptions for compounds such as heptane and cyclododecane. Because of the high background in the blanks, the LOD values do not reflect the same increase in sensitivity of the BID compared to the FID as when evaluating the slopes of the calibration lines of the two detectors which is typically used to express the instrumental or method sensitivity. Figure 10 . Comparison of the limits of detection (LODs) for the two detectors: (a) calculation when the value of the signal-to-noise ratio (S/N) equals to 3. The compounds on the x axis are identified in Figure 6 . (b) Use of the height of the blank measurement (n ¼ 5) to calculate the limit of detection using the 3r/S relationship where S is the slope or sensitivity.
Conclusions
The current study aimed to provide a better understanding and a more comprehensive and quantitative characterization of the response behavior of the BID and to compare its performance to that of the FID for gas chromatography.
The detection principle of the BID was identified as a photoionization process of the analyte molecules, caused by metastable He species created in the dielectric barrier discharge of the detector unit. As a result, the BID shows a concentration-dependent rather than mass-dependent response behavior compared to the FID. In general, the BID shows a sensitivity that is about four times higher than that of the FID, which is particularly the case for the compounds to which the FID has a medium to low response, notably oxygen-and halogen-containing compounds.
The BID response also requires optimization and is dependent on various factors, such as the detector temperature and detector make-up gas flow rate. Depending on the particular compound, detection limits for the BID in the two-digit picogram range (absolute) were achieved. We expect that limits of detection in the low one-digit pg (absolute) range can be reached. However, to this end, even higher requirements are imposed to the carrier gas supply-the use of He with purity of better than 99.9999% rather than better than 99.999% as is often recommended for GC-FID is-and to the stability of the chromatographic columns (i.e., absence of bleed).
In general, the BID has similar robustness and ease of operation as the FID. Two practical advantages of the BID compared to the FID are the absence of a burner head which may clog with time, and that only He is required as detector gas which is also the GC carrier gas. The investment for the commercial BID instrument is moderately higher than that for a regular FID.
To summarize, the BID is a highly versatile and an interesting addition to the toolkit of gas chromatographic detectors. Due to its functioning principles, it is best used for lowmolecular weight, heteroatom containing analytes where it easily outperforms the FID, while this advantage is gradually lost with increasing molecular weight of the analyte. Moreover, achieving highest performance with the BID imposes even more stringent requirements and control of the operating conditions and system state than for GC-FID. Where the above stated conditions are met-e.g., in the analysis of low molecular weight ozone precursors-the BID will find highly useful niches of application.
